Enterobacter aerogenes and Enterobacter cloacae complex are the two species of this genus most involved in healthcareassociated infections that are ESBL and carbapenemase producers. This study characterized, phenotypically and genotypically, 51 isolates of E. aerogenes and E. cloacae complex originating from infection or colonization in patients admitted to a public hospital in Recife, Pernambuco, Brazil, by antimicrobial susceptibility profile, analysis of b-lactamase genes (bla TEM , bla SHV , bla CTX-M , bla KPC , bla VIM , bla IMP and bla SPM ), PCR and DNA sequencing, plasmid profile and ERIC-PCR. In both species, the genes bla TEM , bla CTX-M and bla KPC were detected. The DNA sequencing confirmed the variants bla TEM-1 , bla CTX-M-15 and bla KPC-2 in isolates. More than one gene conferring resistance in the isolates, including the detection of the three previously cited genes in strains isolated from infection sites, was observed. The detection of bla CTX-M was more frequent in isolates from infection sites than from colonization. The gene bla KPC predominated in E. cloacae complex isolates obtained from infections; however, in E. aerogenes isolates, it predominated in samples obtained from colonization. A clonal relationship among all of E. aerogenes isolates was detected by ERIC-PCR. The majority of E. cloacae complex isolates presented the same ERIC-PCR pattern. Despite the clonal relation presented by the isolates using ERIC-PCR, different plasmid and resistance profiles and several resistance genes were observed. The clonal dissemination and the accumulation of b-lactam resistance determinants presented by the isolates demonstrated the ability of E. aerogenes and E. cloacae complex, obtained from colonization and infection, to acquire and maintain different resistance genes.
INTRODUCTION
Enterobacter spp. are Gram-negative bacilli belonging to the family Enterobacteriaceae; they can be found in soil, water, vegetables and the intestinal flora of animals, including humans. Among the members of the genus Enterobacter, the species most frequently associated with human illness are Enterobacter aerogenes and Enterobacter cloacae complex [1] . These two species are emerging as important pathogens, causing a wide spectrum of healthcare-associated infections (HAIs) involving the urinary tract, lower respiratory tract, skin, soft tissues, wounds and central nervous system [2, 3] . Most Enterobacter strains related to HAI are extendedspectrum b-lactamase (ESBL) producers; therefore, the treatment of such infections is very challenging because the ESBLs are able to hydrolyse penicillins, oxyimino-cephalosporins and monobactams, which minimizes the therapeutic options [4, 5] . The main types of ESBL found in Enterobacter spp. are SHV, TEM and CTX-M [6] [7] [8] .
Carbapenems are the most widely used antimicrobial agents to treat infections caused by ESBL-producing strains [9] .2010, a major dissemination of the bla KPC gene in various hospitals in different Brazilian states and cities has been observed [13] [14] [15] [16] . The emergence of KPC causes difficulty in the treatment of infections, since this enzyme confers high levels of resistance to all b-lactams and different levels of resistance to carbapenems [5] . Nevertheless, there are few studies on ESBL-and carbapenemase-producing strains in Brazil.
The presence of resistance genes on mobile genetic elements such as transposons, plasmids and integrons facilitates the dissemination of resistance determinants in the hospital environment [17] . Several plasmids of varying size were associated with positive bla KPC from clinical isolates worldwide [14, 18, 19] , highlighting the successful dissemination of this resistance gene. The majority of the studies suggest that ESBL-producing strains are polyclonal and that ESBLs are spread by plasmid transfer; however, during outbreaks, clonal spread may occur [7, 9, [20] [21] [22] .
Considering the importance of Enterobacter in causing HAIs, the aims of this study were to investigate the frequency of the major genes of ESBLs and carbapenemases in E. aerogenes and E. cloacae complex isolates obtained from colonization and infection in patients of a public hospital in Recife, PE, Brazil, between 2011 and 2013; to and perform phenotypic typing through the antimicrobial resistance profile and molecular typing by enterobacterial repetitive intergenic consensus PCR (ERIC-PCR) and plasmid profiling.
METHODS

Bacterial isolates
Thirty-four E. aerogenes isolates and 17 E. cloacae complex isolates from infection or colonization sites in different patients were obtained from spontaneous request to the laboratory of a public hospital in Recife, Pernambuco, Brazil, between 2011 and 2012. In 2013, new isolates were obtained at the same hospital to check the ERIC-PCR profiles of the isolates. The isolates were maintained as frozen stock at À20 C with 15 % glycerol.
Antimicrobial susceptibility testing
The MIC for the antibiotics amikacin (AMI), cefepime (CPM), cefotaxime, ceftriaxone, cefuroxime, ciprofloxacin, ertapenem (ETP), gentamicin (GEN), imipenem (IMI), levofloxacin (LEV), meropenem, piperacillin-tazobactam (PTZ), tobramycin (TOB) and trimethoprim-sulfamethoxazole (SXT) was determined by the Phoenix Automated Microbiology System (BD).
DNA extraction, PCR and sequencing of resistance genes Genomic DNA was extracted by the method of boiling. PCR was performed to detect the resistance genes bla SHV , bla TEM , bla CTX-M , bla KPC , bla GES , bla VIM , bla IMP and bla SPM , using primers and the conditions according to the literature [23] [24] [25] [26] [27] . Representative amplicons testing positive for the resistance genes, previously identified by PCR, were subjected to DNA sequencing by the method of Sanger et al. [28] . The sequences were deposited in GenBank under accession numbers KU680809-KU680813 and KF561135. Considering E. aerogenes isolates, the antimicrobials that showed the lowest resistance rates were AMI, SXT, GEN and TOB. Regarding the isolates of E. cloacae complex, AMI and carbapenems had the lowest resistance rates.
Among E. aerogenes isolates, only Ea14A and Ea17A were sensitive to CPM, and Ea21A and Ea25A were sensitive to the three carbapenems evaluated. The remaining 30 isolates were resistant to all tested b-lactams, except in cases of disparity between resistance rates to carbapenem presented by isolates Ea14A, Ea24A, Ea26A, Ea29A, Ea32A and Ea34A. ETP was the most sensitive substrate for carbapenem resistance detection. Table 2 ); only strain Ec9A (sector: coronary unit, UCO1) showed a distinct profile (E3), although the clone E2 was also detected later on that unit. Through further analysis of the isolates the following year (2013), the persistence of the E. aerogenes clone (E1) and profile E2a related to the E. cloacae complex clone (E2) in the hospital was found.
ERIC-PCR profile
Plasmid profile
After verification of the clones by ERIC-PCR and the resistance profile, the plasmid profile of a representative from each clonal group was determined. E. aerogenes strains presented the profiles P1, P1a, P2 and P3 (Table 1 ). In relation to E. cloacae complex isolates, the following profiles were detected: P4, P4a and P5 ( Table 2 ). E. aerogenes presented 4 to 10 plasmids of <12 to !150 kb, and E. cloacae complex showed 1 to 4 plasmids of 12 to 90 kb ( Fig. 3 ).
Resistance genes
The genes bla TEM , bla CTX-M and bla KPC were detected in 17 (50 %), 4 (12 %) and 30 (88 %) E. aerogenes isolates, respectively. Considering only E. cloacae complex isolates, bla TEM , bla CTX-M and bla KPC were detected in 16 (94 %), 17 (100 %) and 3 (18 %) isolates, respectively. The genes bla SHV , bla GES , bla VIM , bla IMP and bla SPM were not detected in either species (Tables 1 and 2 ). The variants bla TEM-1 , bla CTX-M-15 and bla KPC-2 were confirmed in both species by sequencing the PCR product of the genes from representative isolates.
Among E. aerogenes isolates, the simultaneous positivity of (a) bla Comparative analysis according to the source of isolation: colonization or infection Of the 34 E. aerogenes isolates, 18 were from colonization and 16 were obtained from infection (Table 1) . Among the E. cloacae complex isolates, 3 were from colonization and 14 were isolated from infection ( Table 2) .
Taking into consideration isolates from infection and colonization, the ESBLs (bla CTX-M ) were distributed as follows: of the four E. aerogenes isolates positive for bla CTX-M , three correspond to isolates obtained from infection sites (Ea21A, Ea25A and Ea26A), and of the 17 E. cloacae complex isolates positive for bla CTX-M , 14 correspond to isolates obtained from infection sites. Since the distribution of bla KPC occurred in isolates from both infection and colonization, of the 30 E. aerogenes isolates positive for bla KPC , 16 correspond to individual colonization and all the E. cloacae complex isolates positive for bla KPC were obtained from infection.
DISCUSSION
The prevalence of infections by Enterobacter sp. in clinical institutes has increased due to the introduction of extendedspectrum cephalosporins and carbapenems into antibiotic therapy [3, 31] . Isolates of E. aerogenes evaluated in this study were resistant to all b-lactams tested, with rare exceptions. Since the last decade, E. cloacae has been repeatedly reported as the causative pathogen of HAI in neonatal units and has been linked to several outbreaks of infection [3, 32] . The majority of E. cloacae complex isolates analysed in this study were sensitive to carbapenems, with only Ec17A being resistant.
In addition to carbapenem resistance, the strains evaluated in this study also showed resistance to aminoglycosides, fluoroquinolones and folate inhibitors. AMI was the antimicrobial that had the lowest rate of phenotypic resistance in vitro against both species analysed. According to the literature, aminoglycosides, polymyxin B and tigecycline have also been reported as being effective in treating infections caused by multidrug-resistant (MDR) Enterobacter spp. in Brazil [12, 19, 33, 34] . On the other hand, isolates of E. aerogenes and E. cloacae complex have recently been reported in Brazil as resistant to polymyxin B and tigecycline [12] . It is extremely important to highlight here the recent reports of resistance to last-line antibiotic colistin in Enterobacteriaceae, including in E. cloacae complex [35, 36] . may be due to the simultaneous transfer of resistance genes via plasmids, integrons and transposons [37, 38] .
The ESBL rate in E. aerogenes detected was 12 %, which corresponds to bla CTX-M positivity, since bla TEM-1 is a classic blactamase, a non-ESBL [4] . All E. cloacae complex isolates were positive for ESBL. Among other studies conducted in Brazil, Nogueira et al. [8] found 20 % ESBLs positive in Enterobacter spp., at a lower rate when compared to the overall ESBL rate for Enterobacter spp. found in this study (41 %) . Regarding bla KPC , Tavares et al. [12] found that this gene presented in 31.4 % of E. aerogenes and 17 % of E. cloacae complex isolates. The bla KPC rates in this study were 18 % for E. cloacae complex and 88 % for E. aerogenes, showing the spread of these genes in the study hospital, which is explained by the clonal isolate spread.
Considering the source of isolation, i.e. infection or colonization, there was a predominance of bla CTX-M in isolates from infection sites. Moreover, the prevalence of bla KPC was according to the species: E. cloacae complex (infection) and E. aerogenes (colonization). In accordance with the Center for Disease Control (www.cdc.gov/hai/pdfs/labSettings/ Klebsiella_or_Ecoli.pdf), patients colonized with enterobacterial strains resistant to carbapenems are sources of transmission in healthcare environments [39] . Identified and isolated patients colonized with these strains may represent an important step in prevention of transmission [40] . 
In the present study, 41 % of the Enterobacter spp. isolates were obtained from colonization and, of these, 76 % were positive for bla KPC , reinforcing the need for surveillance culturing. Surveillance culturing has been the subject of studies by several authors aiming, in order to verify preventive measures to avoid the evolution of colonization episodes into infection [41] [42] [43] .
There was nil detection of the bla SHV gene in this work, supporting its low frequency in Enterobacter spp. in Brazil [8, 12, 33] . There was also nil detection of bla GES , bla VIM , bla IMP and bla SPM , corroborating the results of a previous study performed in Brazil [19] .
Concomitant gene b-lactamases were detected in isolates used in this study, highlighting the simultaneous detection of bla TEM , bla CTX-M and bla KPC in isolates acquired from infections. In Brazil, the resistance determinant accumulation in enterobacteria has been cited by other authors, such as Jaskulsky et al. [33] and Tavares et al. [12] . These associations are very common, since various b-lactamase genes may be encoded on the same plasmid [9, 44] . The isolates analysed in this study had different plasmids that can harbour various resistance genes.
The in vitro sensitivity to CPM presented by isolates Ea14A and Ea17A is a false sensitivity, since these isolates are positive for bla KPC , which degrades all b-lactams. Among the E. cloacae complex isolates, we highlight the false in vitro susceptibility to carbapenems of Ec2A and Ec3A, since these were positive for the bla KPC gene. The carbapenemase gene acquisition is not always associated with high levels of resistance to carbapenems [45] . This varied susceptibility can be explained by other factors such as (a) co-presence of other resistance mechanisms [46] ; (b) genetic deletion leading to a silent gene; or (c) gene dosage is dependent on the number of plasmid copies [47] . The isolate Ea9A was resistant to carbapenems but negative for carbapenemase genes screened, and most likely presents other resistance mechanisms, such as the association between CTX-M production M C9 C1 C2 C3 C4 C5 C6 C7 C8 C10 CN Fig. 2 . Electrophoresis on agarose gel at 1.5 % of the ERIC-PCR product of representative isolates of E. cloacae. Column 1, molecular weight marker 100 bp; columns 2-11, E. cloacae isolates; column 12, negative control. 
and porin loss, which are also responsible for the reduced susceptibility to carbapenems previously reported [38, 48] .
DNA sequencing confirmed the variants bla TEM-1 , bla CTX-M-15 and bla KPC-2 . The bla TEM-1 gene encodes a classic b--lactamase that inactivates penicillin and some cephalosporins, being inactive against oxyimino-cephalosporins such as ceftazidime [49] . Variants from TEM-3 that correspond to ESBLs are not common in Brazil. Nogueira et al. [9] identified TEM-136 in two E. cloacae complex strains. Previous to this report, TEM-116 had only been detected in Brazil in enterobacteria [6] .
CTX-M was first identified in South America and is the prevalent ESBL in Brazil, as well as in other regions of the world [9] . CTX-M-2 is the most common subtype in Brazil and is found in several species of Enterobacteriaceae [50] [51] [52] . However, recent studies have reported an increase in the number of isolates producing CTX-M-15 (variant belonging to group 1 CTX-M) [9] . Similar to this study, bla CTX-M-15 has been detected in Enterobacter species in Brazil by other authors [9, 38] . In this study, we highlight the predominance of bla CTX-M in isolates from infections.
KPC-type carbapenemases have been the main resistance determinant in Enterobacteriaceae, and bla KPC-2 is the most frequently detected variant [12, 53] . After the first report of KPC in Brazil in 2006 [54] , its incidence has increased significantly in this country. In Brazil, consecutive reports of KPC enzymes have been reported in E. cloacae complex and E. aerogenes isolates [12, 18, 19, 33, 55] . In this study, we highlight the prevalence of bla KPC in E. aerogenes isolates obtained from colonization.
A clonal outbreak in different hospital settings was found by ERIC-PCR. Isolates with clonal relation but with different plasmid and resistance profiles and presenting several resistance genes have been cited in the literature [13, 56] . In this study, we also detected the same plasmid profile with different resistance profiles; this may occur because a single plasmid can carry multiple genes or may not have resistance genes [44] . The same resistance profile with different plasmid profiles, which could be due to the spread of resistance genes associated with genetic mobile elements [57] , was also detected.
In this study, isolates of E. aerogenes and E. cloacae complex showed monoclonal spread. According to the literature, polyclonal infections have reported have mainly been due to E. cloacae complex [3, 8, 9, 12, 34, 38, 58, 59] . Furthermore, other studies have demonstrated that infections due to E. aerogenes presented predominantly as monoclonal spread [3, 5, 8, 9, 60] . Other authors have also found the same profile with different clonal plasmid profiles and resistance genes, as detected in this study [8, 19, 56] .
Infections caused by clones of E. aerogenes and E. cloacae complex have been associated with surgical device colonization, cleaning solutions, refillable soap dispensers and sinks [3, 59] . In the present study, the persistence of clones of E. aerogenes positive for bla KPC , as well as E. cloacae complex positive for bla CTX-M in the following year in the same hospital, is alarming. These results should alert medical authorities to institute rigorous methods of detection and thus reduce the spread of MDR isolates in the hospital.
We conclude that the clonal spread and accumulation of resistance determinants displayed by isolates demonstrate the ability of E. aerogenes and E. cloacae complex, from colonization and infection, to acquire and maintain different resistance genes. This is alarming because the antimicrobial options available to treat these infections are increasingly reduced. It is extremely important to control the use of antimicrobials and also to perform phenotypic and genotypic identification of early genetic resistance mechanisms in isolates, not only from infections sites but also from colonization, in order to prevent the spread of these MDR isolates, which may present different resistance genes.
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